Abstract. This work deals with the design of new shielding materials for the protection of electrical devices. Since there are many different requirements for modern materials, we have chosen a multi-objective approach to this problem. As material under consideration we chose conducting polymer composites due to their excellent electromagnetic properties in the microwave band and their high potential for the optimization process. In this paper, we start this process with the formulation of a novel model, deal further with the approximation of these solution sets, and finally consider the decision support related to this problem.
Introduction
Electromagnetic interferences have become an important problem due to the proliferation of commercial, military, and scientific electrical devices and equipments in high frequencies. Electronic devices must be shielded to be protected against the incoming and potentially disturbing radiation.
Conducting polymer composites (CPCs) like Polyaniline Polyurethane (PAni/PU) are very promising for applications in electromagnetic interference shielding ( [9] ). These materials are e.g. characterized by relatively high conductivities and permittivities. Since these properties can easily be tuned via chemical processes in the making of these composites, CPCs are well-suited for the demanding optimization in this field. Further, these materials are lighter, more flexible and offer better environmental stability compared to the classical shielding materials subjected to corrosion which make them an interesting potential alternative.
In this work, we are particularly interested in the design of new high-protecting and light-weight materials which are realisable for reasonable prices. In search of these materials, we propose in the following a new multi-objective optimization model, address the numerical treatment of these problems, and present possible techniques which are designed to support the decision maker (DM) to find the preferred solution according to the specific problem.
The remainder of this work is organized as follows: in Section 2 we state the background required for the understanding of the particular design problem which is proposed in Section 3. Section 4 deals with the approximation of the Pareto sets of the resulting MOPs, and in Section 5 we show how these sets can be visualized according to the preference of the DM. Finally we make a conclusion in Section 6.
Background
In this section we briefly summarize the background required for this work: we introduce the electromagnetic properties which are interesting in our context, present a theoretical model for these properties which serves as the basis for further considerations, and finally address the concept of multi-objective optimization.
Electromagnetic Properties
Since our aim is to design new protecting materials we are particularly interested in what happens when an electromagnetic wave (EM) arrives at the surface of a material. In that case, three physical phenomena can occur: absorbtion, reflection and transmission of the incidental wave (see Figure 1 ). For our purpose it is sufficient just to consider the reflection and the transmission. In [17] a theoretical model for these two wave interactions was proposed which will be used in this work and which will be described in the following. For this, we consider a compound consisting of N layers and assume each layer to be homogeneous and isotropic. The design parameters of the i-th layer, i = 1, . . . , N, are the conductivity σ i , the permittivity i , and the thickness d i of the material of each layer.
The characteristic matrix M i ∈ 2×2 of the i-th layer is given by:
, where
with ω = 2πf , where f is the frequency of the electromagnetic wave, and j denotes the imaginary unit. Z i is the impedance of the i-th layer. Due to their contact to air media, the impedances of the outer layers are set to
The characteristic matrix of the entire compound is given by the product of the characteristic matrices for each layer, i.e.
Now we are in the position to state the coefficients for the reflection R and the transmission T :
and
Multi-objective Optimization
In a variety of applications in industry and finance a problem arises that several objective functions have to be optimized concurrently. One important feature of these problems are that the different objectives typically contradict each other and therefore certainly not have identical optima. Thus, the question arises how to approximate one or several particular 'optimal compromises' (e.g., by interactive methods [16] ) or how to compute all optimal compromises of this multiobjective optimization problem (MOP). For this, for instance a huge variety of evolutionary strategies have been proposed during the last years (see e.g. [5] or [3] for an overview on existing methods).
Mathematically speaking, an MOP can be stated in its general form as follows:
where F is defined as the vector of the objectives, i.e.
. . , k} and v = w (i.e., there exists a j ∈ {1, . . . , k} such that w j < v j ). A vektor v is called nondominated with respect to a set P , if none of the vectors p ∈ P dominate v.
A point x ∈ S is called optimal or Pareto optimal 1 , if F (x) is not dominated by any vector F (y), y ∈ S. The solution set -the so-called Pareto set -consists typically not of finitely many points as for scalar optimization problems, but forms a (k − 1)-dimensional object.
The Design Problem
In this section we propose a novel multi-objective model for the design of conducting polymer composites for shielding electrical devices. We aim in particular at high-shielding and light-weight materials since there seems to be a growing interest in alternatives to classical materials like metals, which are too heavy e.g. for aeronautic applications.
The electromagnetic shielding of conducting polymer composites and the related optimization problem have been considered in some works so far (e.g., [17] , [4] , [11] ). Albeit this is of course the most important feature of this material, the mono-objective approach reveals some limitations since it does not consider other physical properties of the compound which are getting more and more important for commercial products (as weight and cost). Now we propose the objectives -formulated as minimization problems -which have to be considered in search for modern conducting polymer composites for the shielding of electronic devices.
The first objective is the electromagnetic shielding, i.e. the 'classical' objective, which can be expressed as follows ([17]):
where T is the transmission coefficient defined in (2). Alternatively, it can be desirable to aim in particular for a high reflection coefficient (see (1)), which leads to the objective
Since reflection and transmission of an electromagnetic wave are closely related, only one of these two objectives -depending on the preference of the DM -is required for the formulation of the MOP. Next, we propose to take the mass percentage of a particular material (Polyaniline) inside the polymer compound in each layer into account since this value is highly responsible for the (relatively high) cost of these composites. Thus, to be efficient and realisable, the materials must have a small mass percentage, which leads to the following minimization problem (e.g., [9] ):
where σ 0 is a reference conductivity, pc the percolation threshold, and t a critical exponent. p i is the mass percentage of the i-th layer. Finally, we propose to take the thickness of the compound into account since this has a direct influence on the weight and the cost of the resulting material. Thus, the 4th objective reads as follows:
There exist of course other possible goals as well as other models which could be interesting for particular applications and which cannot be stated all here. However, the objectives presented above seem to be the most generic ones.
Approximation of the Pareto Fronts
In this section we shortly introduce the two methods which were used and adapted to compute the Pareto fronts of the MOPs which grew out of the design problem under consideration. Since so far mainly compounds with few layers are being studied, we are faced with low or moderate dimensional models which do not represent a challenge to state of the art (EMO) algorithms. Consequently, the approximation of the solution sets is not the main contribution in this work, but, however, this is and will be one important task in multi-objective optimization, and has to be accomplished thoroughly.
In [14] a MOEA is proposed which is designed for the present context. The genetic algorithm used for the optimization of electromagnetic shielding properties allows to obtain diversified and pertinent results. For all the steps of the algorithm, a satisfying diversity of the population was maintained which allowed to present a large number of different solutions to the DM. In the first step of this algorithm, the components of each individual belonging to the initial population are generated at random from subdivided intervals in order to gain homogeneity. The selection step combines two populations, the current one and another one which is stored in a Pareto archive in an elitist manner. In this algorithm, the crossover and mutation operators which are presented in ( [2] ) are used as they have proven their efficiency on continuous optimization problems. Excellent results have been obtained on different benchmarks with genetic algorithm using these operators their flexible configuration represents a advantage to get varied components. Furthermore, these operators have not increased the time of computation. Also, the obtained individuals had diversified components and the results in the Pareto fronts offered a large palette of solutions to the decision (c) perform the generational replacement 9:
Ai+1 := nondominated points of Ai ∪ Pi+1.
10:
i := i + 1 11: until (stopping criteria fulfilled) makers. The algorithm has been developed using the platforms EO ( [13] ) and its extension ParadisEO ( [1] ).
In order to compare the results obtained by the method described above, we have alternatively used and adapted subdivision techniques ([18] , [7] ) for this problem. These techniques have been primarily designed for unrestricted MOPs and work particularly well for moderate dimensions, i.e. when few layers are considered in the compound.
The algorithms of this type start with a compact subset Q ⊂ D of the domain, represented by a collection of n-dimensional boxes (where n is the dimension of D). Each box gets subdivided into smaller sub-boxes and after certain conditions it is decided if a box is promising -i.e., if it could contain a part of the Pareto set -or not. The 'unpromising' boxes are deleted from the collection while the process -subdivision and selection -is continued successively on the remaining boxes until the desired granularity of the boxes is reached. In our design problem the minimal radii of the boxes are given in a natural way by the manufacturing accuracy of the material (which in turn results in a certain accuracy for the parameters and σ).
The approach is of global nature, i.e. in principle capable of detecting the entire Pareto set. However, it is restricted to moderate dimensions and not rigorous. That is, boxes which are deleted once from the collection but contain a part of the Pareto set will not be reconsidered in further iteration steps. In [19] a variant is described which hybridizes with a MOEA to reduce this problem, which allows to attack higher dimensional and more complicated models, and which was used to compute the Pareto sets of the present design problems. It is planned to integrate the MOEA described above into the subdivision techniques in order to unite the strengths of both algorithms.
Example: A 3-layered Material
As a general test example which will serve for the remainder of this work we have chosen a 3-layered material which is a compound of Polyaniline Polyurethane (PAni/PU) and Kapton 2 (see Figure 2) . We have decided to include Kapton into the compound since it is a polymer which offers high chemical resistance and good interaction with the Polyaniline -Polyurethane solution in the chemical production process ( [10] ). Using this compound and the model described above this leads to a design problem with four free parameters (see Table 1 ). Due to the low dimensionality of the parameter the corresponding model is easy to handle with our (and other) algorithms, and we are able to include all four objectives proposed above into the design problem. Doing so, this leads to the MOP
where Q is the hyper-rectangle which is given by the box constraints shown in Table 1 . Figure 3 shows two projections of a front as well as a short discussion. We have chosen f = 50 MHz for the frequency of the incoming wave 3 . The results are certainly highly satisfying -from the point of view of the developer of the optimization algorithm. However, it is ad hoc more than doubtful if and how this huge amount of data can help the DM to find the 'right' material according to the given problem. Therefore, the next section deals with the problem specific visualization of these solution sets.
Since this multi-objective approach to the shielding problem is novel and since every application has its special environmental peculiarities, the result of this optimization can hardly be compared to existing materials documented in literature (but is a task for future work). However, the results seem to be promising regarding (a) the large portion of the front where international standards for the shielding efficiency ( [12] , [8] ) are satisfied, and (b) the significant diversity with respect to f p and f t , which influence cost and weight of the material. An example for the latter can be seen in Table 2 . A motivation for the choice of the points -we have chosen x i ∈ B i , i = 1, 2 -is given in the next section. The Table 1 . Parameters MOP 7. Since the permittivities of the outer layers are fixed and we consider Kapton as the 2nd layer (see [11] for a motivation of this choice), merely four free design parameters have to be considered. (7) with different properties 
Selecting the Preferred Material
In this section we present two possible ways to present the Pareto fronts of a given design problem in a way that allows the DM to obtain a suitable, problem specific, and maybe subjective overview of the available possibilities, and thus, to help to find the preferred solution. In the following we report on the applicability of an existing visualization tool which offers an unbiased overview on the entire front and propose alternatively a new way of the visualization of 2-dimensional solution sets which can involve preferences of the DM. The Pareto Front Viewer 4 is based on the interactive decision maps technique ( [15] ) and was particularly developed for the exploration of Pareto fronts with more than two objectives. In this approach, a non-negative cone is added to every point of the approximation of the Pareto front. The combination of these cones approximates the Edgeworth-Pareto Hull (EPH). By displaying various decision maps -i.e. collections of two-dimensional slices of the EPHwhich are depicted on the value of a third objective, the decision maps help to understand the influence of this objective. The influence of further objectives (7). In order to obtain this set we have used the algorithm EA-Subdivision proposed in [19] which has used 724,600 fitness evaluations. Since the objective values are given in short analytical form the computation took less than one minute on a standard computer. Using the MOEA described in Section 4 very similar results were obtained.
can be experienced by using sliders, which move the efficiency frontiers described above according to the values of these objectives. Though 2-dimensional maps are used for the visualization of the fronts, this approach allows the DM to handle multiple objective values. See [15] for various applications where up to nine objectives are involved. Figure 4 shows a snapshot of a decision map which displays a Pareto front of MOP (7) . The values of f m and f p are plotted in the x-axis and y-axis respectively. The map shows an amount of 15 such efficiency frontiers using different values of the shielding efficiency. Finally, these maps can be moved according to the value of the reflection coefficient. Using this tool, a good understanding of the criterion tradeoff the can be obtained.
One important requirement for a proper visualization of a Pareto front is certainly to tame the complexity of the huge amount of data, in particular when more than two objectives are under consideration. For this, the authors of this work share the opinion that it makes sense for this application -and certainly for others as well -to introduce an additional, problem specific indicator which can (hopefully) help the DM to identify parts of the Pareto front which are potentially promising for the current situation.
Let us consider one example. The multi-objective model presented above fixes the frequency of the incoming wave. However, since it is desired to have a high shielding efficiency in an entire frequency range [f min , f max ], one could e.g. consider a 'shielding indicator' as follows: Fig. 4 . Snapshot of the Pareto Front Viewer which shows a visualization of a Pareto front which is similar to the one displayed in Figure 3 where
and f s (·, ·) denotes the shielding efficiency analogue to (3) . If the value of I s (x) is high, it does obviously not follow that f s (x, f ) is high for all relevant frequencies, but the underlying heuristic is that in this case the values of f s must be high in at least one sub-region.
Further examples for possible indicators in the current design problem are e.g. the value of the reflection, the cost or the weight of the material, the robustness of the material against possible errors in the production process, etc. See Figures  5 and 6 for examples.
For the visualization of the 2-dimensional fronts in combination with a property indicator (or without), we propose to use boxes since they bring the required 3D effect to the appearance of the fronts 5 . Further, they can be used to reduce the complexity of the data since several 'neighboring' points are collected in one box, depending on the location and the size of the boxes which can be both adjusted according to the problem.
A k-dimensional box B can be represented by a center c ∈ Ê k and a radius
In order to obtain a clear view on these new designed fronts it is certainly advantageous to build a box collection where the interiors of its boxes are mutually non-intersecting. Algorithm 2 represents one possible way to construct such a collection B given a set of points P , a domain
, and a number sd of subdivision steps. This algorithm does not treat adequately the fact that the same boxes may be constructed several times. For this, we refer to [6] , where the same data structure is used for a different purpose. Figure 5 shows a box collection where the Pareto front was used which is displayed in Figure 3 . For the shading of the boxes the shielding indicator (8) was used.
Using this example we want to demonstrate on two (hypothetical) settings how this visualization form can be of advantage for the DM. First, we assume that we are aiming at a high-shielding material where the cost is of minor interest (e.g., in a military application). The image of the Pareto front displays one connected component which is shaded in white (corresponding to the highest value of the indicator). Thus, a point in this section can be chosen -maybe in Box B 1 -, or the search can be continued in this region, e.g. in an interactive manner. Second we assume we want to design a material for a 'standard' device. Thus, it is sufficient to fulfil the required norm for the shielding efficiency while it is desired to minimize cost and weight of the material. Using the shielding indicator (e.g., by looking at the boxes which correspond to a value of I s (x) ≥ SE norm (f max − f min )) this could lead to the conclusion that points inside B 2 have to be examined for possible realization.
The results demonstrate that the two visualization techniques are well-suited to screen and filter the available possibilities offered by the multi-objective approach in their own way. Both approaches achieved to reduce the complexity of the incoming data in the required amount for this particular application, which motivates that this can also be possible for other design problems. is taken as an indicator for the robustness of the production with respect to a manufacturing error in the thickness of the PAni/PU compounds, while for (c) the value of the reflection coefficient fr is used
Conclusions and Future Work
We have presented a multi-objective approach to the design of conducting polymer composites for the shielding of modern devices which demand for highshielding and light-weight materials for reasonable prices. For this, we have proposed a novel model, have shown the applicability of EMO algorithms (which were tuned for this purpose) to these MOPs, and have addressed the related decision support problem. For the latter we have proposed a particular technique for the problem specific visualization of these 2-dimensional Pareto fronts, which can certainly be used in other applications.
For future work, there are a lot of interesting topics which can be addressed to advance the present work. For instance, one can take the uncertainties coming from the manufacturing process into account. Further, it could make sense to extend the model by including e.g. the number of layers as well as further properties of the conducting polymer composites (e.g., the permeability which is of particular interest for aeronautic applications) as additional design parameter. This will in turn call for new techniques which can handle the hybrid model efficiently as well as for more sophisticated decision support.
